While the seismic effects of wave-induced fluid flow due to mesoscopic heterogeneities have been studied for several decades, the role played by these types of heterogeneities on seismoelectric phenomena is largely unexplored.
Introduction
When a seismic wave propagates through a water-saturated porous medium, it produces a relative motion between the fluid phase and the rock matrix [Biot, 1956] . This flow transports an electrical excess charge, contained in the electrical double layer located along grain surfaces, thus producing an electrical current source. This is the physical principle of the seismolectric phenomenon, which Pride [1994] formalized by coupling Biot's (1956) and Maxwell's equations.
For seismic waves propagating through water-saturated porous media, the theory predicts two kinds of seismoelectric conversions: (1) the coseismic field, and (2) the interface response. The coseismic field is a consequence of the wavelength-scale flow accompanying a compressional wave, which generates a current source even in homogeneous media. The resulting electric field travels with the wave and has a very limited extent outside of the support of the wave. Conversely, when a seismic wave encounters a contrast in mechanical or electrical properties, there is a corresponding variation in the current source distribution, thus generating electrical potential differences that can be measured outside of the wave support. The associated electric fields are highly sensitive to the fluid pressure gradients in the vicinity of the interface. Accurate modeling of seismic wave conversions at interfaces and, in particular, of the associated Biot slow waves, is therefore critical for a realistic simulation of the seismolectric response [Pride and Garambois, 2002] .
A particular interface-type response is expected to take place in the presence of mesoscopic heterogeneities, that is, heterogeneities having sizes larger than the characteristic pore scale but smaller than the prevailing wavelengths. It is well known that the propa-
gation of seismic waves through a medium containing these kinds of heterogeneities can induce significant oscillatory fluid flow as, in response to the spatial variations in elastic compliances, the stresses associated with the passing seismic wave produce a pore fluid pressure gradient. Indeed, the energy dissipation associated with this phenomenon is widely considered to be one of the most important intrinsic seismic attenuation mechanisms in the shallower parts of the crust [e.g., Müller et al., 2010] . The characteristics of such wave-induced flow are mainly controlled by the compressibility contrast between the heterogeneities and the embedding matrix as well as permeabilities and geometrical characteristics of the heterogeneities. Given that the amount of flow produced by this phenomenon can be significant, corresponding strong seismoelectric signals carrying valuable information about these properties are also expected to arise.
Modeling wave-induced fluid flow is problematic because the corresponding diffusion lengths, that is, the spatial scales at which fluid flow occurs, are very small compared with the seismic wavelengths. Together with the theoretical complications arising from the coupling of the poro-elastic and electromagnetic responses, this may explain why the generation of seismoelectric effects due to mesoscopic heterogeneities is largely unexplored.
Arguably, the most important work on this topic is by Haartsen and Pride [1997] , who In this paper, we propose a novel approach to address this problem based on a numerical oscillatory compressibility test coupled with a model for seismoelectric conversion and signal generation. We illustrate the methodology by analyzing the electrical potential produced by mesoscopic fractures in an otherwise homogeneous water-saturated sandstone sample. The reason for this choice of model is that the amount of wave-induced fluid flow scales with the compressibility contrasts between the mesoscopic heterogeneities and their embedding matrix, which in turn implies that a particularly prominent seismoelectric response can be expected in fractured media.
Methodological background
We consider a square rock sample containing mesoscopic heterogeneities and apply a time-harmonic compression
at its top boundary, where ω is the angular frequency and t time. No tangential forces are applied on the boundaries of the sample and the solid is neither allowed to move on the bottom boundary nor to have horizontal displacements on the lateral boundaries.
The fluid is not allowed to flow into or out of the sample. To obtain the response of the sample, we numerically solve the equations of quasi-static poroelasticity under corresponding boundary conditions [Rubino et al., 2009] . This methodology allows for computing the relative fluid velocity fieldẇ which is then employed to calculate the corresponding seismoelectric signal.
Wave-induced flow exerts a drag on the excess electrical charges of the double layer surrounding grain surfaces, thereby generating a source current density of the form [Jardani
whereQ ef f v is the effective excess charge density.
In absence of an external current density, the electrical potential ϕ in response to a given source current density is described by [Sill , 1983] 
where σ denotes the electrical conductivity. Given the fluid velocity fieldẇ inferred from the oscillatory compressibility test, the seismoelectric signal induced by the presence of mesoscopic heterogeneities is then obtained by numerically solving equations (2) We determine the electrical conductivities using σ = σ w φ m , with m denoting the cementation exponent from Archie's law and σ w the pore water conductivity. Given the considered medium, the surface conductivity can be neglected. We use m b =2, m f =1.3, and σ w = 10 −2 S/m, which represents a typical value for pore water conductivity in laboratory experiments.
The simulated flow is in the viscous laminar regime and we can therefore estimate the effective excess charge for the two materials using the empirical relationship proposed by Jardani et al. [2007] log (Q reference electrode (ϕ = 0 V) as functions of "normalized" time (t × f ) (Figures 2c and   2d ). While no clear signal can be seen for a frequency of 1 Hz (Figure 2c) , the seismoelectric responses are on the order of a few mV at 10 kHz (Figure 2d ), which can be readily measured under laboratory conditions. We also observe a discrepancy, both in magnitude |ϕ| and phase θ, between the two electrodes simulated for this higher frequency. Indeed, even though the electrode located at the top boundary is further from the reference than the one located in the middle, its signal is 1.8 times weaker. This electrode is almost in phase (θ ≈ 20 • ) with the oscillatory compression, while the middle electrode shows a more important phase shift (θ ≈ 140 • ). This phase shift is due to both the viscosity-related lag experienced by the wave-induced fluid flow and the relative position of the electrode with respect to the fractures.
Additional tests were conducted for a wide frequency range using different background permeabilities. Figures 3a and 3b show that the electrical potential measured at the top electrode is strongly frequency-dependent in terms of its amplitude and phase. The amplitude has a first peak at a frequency that depends on the background permeability, followed by a general increase at higher frequencies (Figure 3a) . The phase spectrum also shows a dependence on κ b , as the transition from high to low phase angles θ shifts to lower frequencies as the background permeability decreases (Figure 3b ). These spectral signa- Additional numerical simulations indicate that the seismoelectric signal is highly sensitive to the orientation of the fractures. This is expected, as the amount of fluid flow in response to a vertical compression is maximum for sub-horizontal fractures and minimum for the sub-vertical case [Rubino et al., 2013] . Moreover, fracture connectivity is also expected to play an important role in determining the characteristics of seismoelectric signals [Rubino et al., 2013] . Consequently, the seismoelectric responses due to mesoscopic effects are expected to contain key information on structural and hydraulic properties of the rock samples.
The most relevant result of this work is that mesoscopic heterogeneities can produce measurable seismoelectric signals in response to an oscillatory compression (Figures 2 and   3 ). Corresponding laboratory experiments are already conducted for seismic purposes [e.g. 
